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Abstract

‘1’OITiX/POSIIH)ON,  a space mission jointly  conducted by the United States and

liancc,  is the first space mission specifically designed and conducted for the study of the

circulation of the world oceans. A state-of-the-art molar altimetry systcm is used to measure

the prccisc height  of sca lCVC1, from which infon nation on the global geostrophic  currents

of the upper ocean is obtained. ‘1’hc satellite, launched on August 10, 1992, has been

making observations of the global oceans with unpmccdcnted  accuracy since late

Scptmbcr,  1992. To meet the stringent measurement accuracy required for ocean

circulation studies, a number of innovative improvements have been maclc  to the program,

including the first dual- fmqucncy  spac~-borne radar altimeter capable of retrieving the

ionospheric delay of the radar signal, a three-fmqucncy microwave radiometer for

retrieving the signal delay caused by the water vapor in the troposphere, an optimal model

of the earth’s gravity field and multiple satellite tracking systmns for precision orbit

determination. Additionally, the satellite also cat~-ics  two experimental instruments to

demonstrate ncw tcchnologics:  a single-frequency solid-state altimeter for the technology of

low power/weight altimeter and a Global Positioning Systcm reccivcr for coJIthuous,

precise satellite tracking. ‘1’hc performance of the mission’s measurement systcm has been

validated by numcmus verification studies. “l’he results indicate that the root-sum-square

accuracy of a single-pass sca lCVC1 mcasurcmcnt  is 4.7 cm, mom than a factor of two better

than the requirement of 13.7 cm. “l”his  global data set is being analyzed  by an international

team of 200 scientists for the understanding of global ocean dynamics as well as marine

geophysics and geodesy. ‘J”hc mission is dcsignc.d  to last for at least 3 years with a possible

extension to six years. “J’his multi-year global data set will go a long way toward the

improvement of the understanding of the ocean’s role in global climate change. A

summary of the mission’s systems and their performance as well as the mission’s scicncc

plans is given in the paper.
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J. introduction

1 ,

On August 10, 1992, the TOI’liX/J’OSIlll  ION satellite was launched by an Arianc

42P rocket from the ILuropcan Space Agency’s Guiana Space Center in lirvnch Guiana.

This space mission has bcm conducted jointly by the United States National Aeronautics

and Space Administrate ion (NASA) and the ] ‘rvnch space agency, Clmrc National d’~ ltudcs

Spatialcs  (CNJR), and is using a state-of-the-art ]adar altimetry system to measure the

pmcisc  height of the sea surface for studying the dynamics of the circulation of the world’s

oceans. The ultimate science goal of the mission is to make contributions to the

undmtanding  c)f the role of ocean circulation in global climate change. other applications

of the mission’s measurements include ocean tides, marine geodesy and geophysics, ocean

wave height and wind speed.

The scientific utility of satellite altimetry has bem demonstrated by the Scasat

Mission (Journal of Geophysical Research, VO1.87,  No. C5, 1982, and Vol. 88, No. C3,

1983) and the Gecmt  Mission (Journal of Geophysical Research, Vol. 95, Nos. C3 and

Cl O, 1990). Also orbiting in space today is another radar altimeter aboard the European

Space Agency’s RRS-1 satellite. Many interesting and useful results about ocean currents

have been obtained from these missions. 1 lowcvcr, these results arc not sufficiently

accurate for addrmsing  many of the the aspects of large-scale ocean circulation bccausc

none of the missions were specifically designed and conducted for the study of ocean

circulation as was “1’01’13XWOS];IIX3N. To be useful for studying ocean circulation,

especially at the gyre and basin scales, numerous improvements have been made in

“J’0P13X/JOSl\l DON, including sJ)ccially  dcsi~,ncd spacecraft, sensor suite, satellite

tracking systems, and orbit configuration, as WCI1 as the dcvcloprncnt  of an optimal gravit  y

model for precision orbit determination and a dedicated ground systcm for mission

operations. Another unique aspeet of the mission was the formation of a Scicncc  Working
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Team (SWJ’) early i]) the mission planning phase (5 years befm launch) to ensure a close

dialog between the scicncc users and the mission dcvclopmcnt  team.

Within 43 days from launch the mission’s opcrat ion team completed satellite and

sensor check-out and the adjustment of the injection orbit into the operational orbit.

Colleztiol]  ofscie]~w,  data bganol~Sel~tcr~~  &r2.3, l992. Since thcnthe  satcllitchasbecn

orbiting the earth at an altitude of 1336 km with an inclination of 66 degrees, making sea

surface height  n]casurenmnts  along the same surface tracks, within +/- 1 km, every 10

days. “1’he  mission was designed to operate for a minimum of 3 years, with sufficient

cxpcndablcs  carried to allow a 2-year extended mission if the satellite and sensors arc still

functioning properly at the end of the primary mission. Plans are also being developed for

a 3 year extended mission.

During the first six months of the mission, the primary objeetive  was to calibrate the

mission’s measurement system and verify its performance. The TOPIIX/POSIHDON

Project established two dedicated sites for this calibration/verification effort: Point

Conception off the coast of California, and the 1 ampedusa Island in the Mcditcrrancan  Sea.

Verification campaigns have also been conducted by mission scientists at a number  of sites

around the world. During this Vcrificat ion Phase, the mission’s l’recision  Orbit

Determination (101)  Team used the various satellite tracking data to fine tune the gravity

field model and other force models, as WCII as tracking station coordinates for computing

the ?9recisc  orbit for the mission.

‘1’he Verification Phase was completed at the end of ];cbruary,  1993. A workshop

involving the mission engineers and scientists was held then to mvicw the verification

results. The conclusions of the workshop indicated that all the rnemmment  accuracy

requirements had been met and many of the mcasurcmcnt  performances had exeeedcd
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rquimments.  After minor modification of the scicmcc algorithms based on the workshop

results, the mission’s ground  system began processing and distribution of the Gc@ysical

Data Record (GDR), the baseline science data product of the mission, in late May, 1993.

“l’his paper provides a summary of the mission’s major elements and the results of

the Verification Phase including an overall assessment of the mission’s measurement

performance. It is intended to serve as a framcwol”k  for the other more detailed arliclcs

collcctcd  in this special issue.

2 .  The Satcllitc

The TOPEWPOSEIDON  satellite is an adaptation by Fairchild Space of the existing

Multi-Mission Modular Spacecraft (MMS), which has successfully carried the payloads of

the Solar Maximum Mission, 1.andsat-4  and lm~dsat-5. l-he MMS design was modified to

meet the l’OPEX/lKXWIDON  rcquimncnts. The satellite consists of the MMS bus and the

instrument Module which houses the instrument complement, Shown in Figure 1 is the

fully deployed TOP13XPOSE11)ON  satellite featuring the major modules, sensors, and

antennas.

Within the MMS, the Command and Data Handling Subsystem includes the

onboard computer and tape recorder and provides control for all satellite engineering

subsystems and sensors. The Attitude Determination and Control Subsystem and the

Propulsion Subsystem control attitude throughout the mission, in cruise, and during

maintenance and orbit-adjust maneuvers. ‘1’hc Iilcctrical Power Subsystcm on the MMS

provides power from the solar array and bat[crics to the satellite systems for the duration of

the mission. The solar array is mounted to the instrument Module, and its motion is

controlled by the Solar Array Drive Assembly. “1’hc Radio I@ucncy  Communications
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Subsyswm  includes the high-gain antenna and the ornni-dimctional  antennas and provides

forward- and return-]ink  tclmol~~~~~tltlicatiol~s  capability. ‘1’hc satellite uscs the Tracking and

IIata Relay Systcm ~1’l>RS) for col~~l~~~ll~icatior~s with the l’rojcct Operation Control Clmtcr

at J]’]..

3. Science lnstrumcn!s

“J’hcrc arc six scicncc instruments in the mission’s payload, four from NASA and

two from CNIN. I’hcy arc divided into operational and experimental sensors as follows:

(1) Operational Sensors

(a) Dual-l%qucncy Radar Altimeter (A1.~J”)  (NASA).

(b) TOPEX Microwave Radiornctcr  (TMR) (NASA).

(c) Laser Retrorcflcctor  Array (1.RA)  (NASA).

(d) Doppler Orbitography  and Radiopositioning  Integrated by

Satellite (J>ORIS)  ]>ual Dopp]cr ‘J’racking Systcrn Rcccivcr

(CNES).

(2) Rxpcrimcntal  Sensors

(a) Single-Prcqucncy Solid-State Radar Altimeter (SSA1:J’) (CN}{S).

(b) Global Positionir]g Systcm Demonstration Rcccivcr (GI’SI)R)

(NASA).

“J’hc Al .’J’, which is the first spaceborne dual-frwlucncy altimeter, is the primary

instrument for the mission (Y.icgcr  et al., 1991; 1 ]ancock  et al., 1994). The n~casuremcnts
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made at two frequencies (5.3 and 13.6 G1 17) am combined to minimi?~ the errors caused

by the ionospheric free electrons, of which the total contcn( is obtained as a by-product of

the measurement. “1 ‘hc Al~J’ was developed and built by the Applied Physics Laboratory of

the Johns 1 lopkins  lJnivcrsity (AP1lJHLJ) under contract to the Wallops Flight l~acility  of

NASA’s Goddard Space Flight Cmter (GSFC) on behalf of JPL. ‘l”he Al~I’ design is

based on the prwious  Scasat and Gcosat  altimetcm  with significant improvements

including the 5.3 G] lz channel for the ionospheric measunmcnt,  a more pmeisc  height

mcasurcmcnt, and longer lifetime.

The TOPRX Microwave Radiometer (’I”MR)  makes use of the mcasurwncnt  of sca-

surface microwave emissivity  at three frcqucncics to estimate the total water-vapor content

in the atmosphcm;  this estimate is used to correct for the water-vapor-induced errors in the

altimeter measurement. l’hc 21 -GI Iz channel is the primary channel for water-vapor

measurement. The 18-G] lZ and 37-G1 lZ channc]s arc used to remove the effects of wind

spc.. and cloud cover, respectively, in the water-vapor measurement. lhe TMR was

developed and buill by the Observational Systems Division of the Jet propulsion

labomtory  (JPL), California lnstitutc of Technology (Ruf et al., 1994).

The I xiscr Retroreflcctor Array (1.RA), built by APIjJJ  IU, is used with a network

of Satellite lxiser Ranging (S1.1<) stations, managed by GSFC, to provide satellite tracking

data for precision orbit determination (1011) and calibration of the radar altimeter bias.

The IJORIS tracking system of CNES provicles  another type of satellite tracking

data using microwave Ilopplcr  techniques (NOUC1 et al., 1989). “1’he system is composed

of an onboard  reccivcr and a network of ground transmitting stations. These stations,

equipped with meteorological sensors measuring temperature, humidity and atmospheric
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pressurv  for correcting for atmosp}wric effects on the transmitted signals, provide a quasi-

continuous tracking of the satellite (80% of the time).

Both SI.R and DORIS data arc used in the POD process, including gravity Jnodcl

tuning. The DORIS signals are transmitted at two frequencies (401.25 and 2036.25 Ml Iz)

to allow the removal of the effects of the ionospheric free electrons in the tracking data

(Picot and Escudicr,  1994, unpub]ishcd  manuscript), Thcmfore, the total content of the

ionospheric free electrons can also be estimated from the 1101/1S data and used for the

ionospheric correction for the SSALT. 1 Iowcver,  the electron content estimate from

1101{1S is based on slant range observation and must be interpolated to the altirnctcr nadir

path, resulting in larger uncertainty in the path delay retrieval than the dual-frequency AI ;1’

estimate.

The two experimental instruments are intended to demonstrate ncw technologies.

“lThc successful operation of the SSA1.T,  a solid-state Ku-band (13.65 GHz) altimeter, has

val idatcd the tcchnolog  y of a low-power, low-weight altimeter for fut me earth-observing

missions ~~.anifc  et al., 1994, unpublished manuscript). It shares the same antenna with

the Al .’I’. Thcrefom  the two altimeters cannot operate at the same time. l>uring the initial 6-

month vcrificat  ion phase of the mission, the CNES altimeter operated for 12.5% of the time

to assess its performance. This 12.5% of operation time was optimiml  for the overflight

of the SSA1 .“1’ over the two verification sites. Since the completion of the verification

phase, the SSAIJI’ has been operating for onc complete 10 day cycle approximately every

10 cycles (SCC Section 5.1). “J’hc SSAI;J’ was designed by CNIiS and built by Alcatel

]Ispacc.

‘1’he GPSDR rezcivcs  signals from the (;1’S constellation. With a combination of

the GPSl>R data and a number of GPS receivers on the EarL}]fs  surface, precise,
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continuous tracking of the spacecraft is made possible by using the technique of Kalman

filtering and differential ranging. ‘J’hc continuous tracking has made POD possible with

]csscr Jwxt of accurate gravity and spacecraft nmdcling.  q’hc successful OpCratiOn  of the

GPSDR and the cxccllcnt quality of the orbit ephcmcridcs  produced from the experiment

has demonstrated the technology for POD in the future (Bertigcr  et al, 1994). “Ile GPSDR

was developed and built by Motorola under contract to J]>]..

4. orbit Configuration

Many factors influcncc  the determination of the mission’s orbit configuration (Parke

et al., 1987). “J’hc inclination and repeat period of the orbit determine how the ocean is

sampled by the satellite. A major concern is aliasing the tidal signals into frequencies of

ocean-current variabilities. inclinations that lead to undesirable aliased  tidal frequencies --

such as zmo, annual, and semi-annual-- am to be avoided. In order to determine the ocean

tidal signals from the altimetry mcasunmcnt  ancl subsequcntty  remove them for the study

of oc~an circulation, inclinations that make different tidal constituents aliased to the same

frequency should also be avoided. 1’o satisfy these constraints and yet cover most of the

world oceans, an inclination of 66 dcgrccs  was selected.

I/or a single satellite mission, temporal resolution and spatial resolution arc in

competition: the higher the temporal resolution, the lower the spatial resolution, and vice

versa, A repeat period of 10 days (9.916 days to bc exact) is the best compromise; it

results in a equatorial cross-track separation of315 km.

“J’o maximim the accuracy of orbit dctemination,  a high orbit altitude is prefcrmd

because of reduced atmospheric drag and gravity forces acting on the satellite. A major

disadvantage of a high orbit is the increased power needed by the altimeter to achieve the
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required ICVCI of signal-to-noise ratio. A compromised orbit altitude is in the range of 1200

to 1400 km. The exact altitude that allows the orbit to satisfy all other constraints and fly

over the two verification sites is 1336 km. Shown in “1’able 1 arc the characteristics of the

mission’s opcmtional  orbit.

S. Mission Operations

Mission operations (e.g., satellite control and data processing) are conducted by

JPI. at Pasadena, California. CNES has implemented an information Processing Center

(I PC) at Toulouse, lkancc for CNIIS sensor control and data processing via an interface

with the Ground Systcm at JP1.. A top priority for mission operations is to maximize the

collection of high-quality data and to prucess and distribute them in a timely manner.

Through a series of six orbit rnancuvers,  the mission’s navigation team adjusted the

alt itudc,  inclination, and cccen(ricit y of the satellite’s orbit to the specifications of the

mission’s operational orbit. After this milestone, the satellite’s ground track has been

maintained within 1 km from the nominal tracks since mid October, 1993 (Figure 2).

Periodic orbit maintenance maneuvers have been j)crformed  to strictly observe this

requirement. In order to minimizz  the impact to science investigation, special effor(s arc

made to maximize the period between the orbit maneuvers and to conduct the maneuvers

over land,

After the operational orbit was achicvccl,  the collection of t}~c mission’s scicncc data

began. ‘J’hc data have been grouped into 10-day orbit cycles wjth each cycle starting at the

equatorial crossing of 99.92 degrees East.
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S.1 Verification

Vcrifica[ion  of the performance of the srttcllitc and the itlstrumcn~s and the integrity

of t}]e scicncc  data is a continuing poems  involving participation from both the mission

cnginccrs and scientists. 1 Iowcvcr, during the filst 6 months of the mission, an intensive

vcritication  campaign was conducted jointly by NASA and CN1iS to Calibrdtc  and verify

satellite mcasuruncnts of geophysical parameters against in situ data at two verification

sites. In addition, the satellite laser ranging and DORIS data were used to validate

precision orbit determination and to tune the grwity-fic]d model that was to be used for the

POD in the GDR production,

NASA instrumented an oil platform (owned by Texaco) 12 km west of Point

Conception, California, to obtain  data on sca level and related parameters (Christensen et

al, 1994 a). Sea level measurements were made by an acoustical deviee  and prcssurv

gauges mounted on the oil platform. ‘Mc sca-level data along with the various precision

orbit cphcmcridcs based on laser, DORIS, and GPSDR data were used to determine the

distance bctwem the satellite and the sca surfac~.; this distance was then compared with the

altimeter-height measurement to dctcrminc the altimeter bias and bias drift. Other

instrumentation at the oil platform included a GI)S mc.civcr  for determining the absolute

height of the platform and the total eleetron content, a surface pnxsurv gauge for dry-

troposphcrc correction, and an upward-looking water-vapor radiometer for the wet-

troposphcrc  cornxt ion.

‘1’he primary CN1lS verification site was near I xunpcdusa Island in the

Mcditcrrancan Sca (Mcnard  ct al. 1994). CNES instrumented a small islet, Iampionc,

located 18 km west of 1.ampcdusa island. The instrumentation configuration included a

laser on 1.amjwdusa, two tide gauges on 1.ampionc,  two tide gauges on the west side of



1 ximpedusa, a DORIS station on I xunpedusa,  two ground-based radiometers, a

meteorological station, two GPS reccivcrs (for ionospheric mcasummcnt),  and two GIN

buoys south of Lanipionc..

in addition to these two dcdicatcd  verification cxpcrimcnts,  numerous studies have

been conducted by the mission’s scicncc teams to assess the performance of the mission’s

rneasuremcnt  systcln.  The results from those st udics form the core of this special issue. A

summary of the assessment is given in Sexlion 6.

S.2 Altimeter Antenna Sharing

An important task for the mission opxation  is to operate the two radar altimeters

(AI.T and SSA1<T) according to the mission plan. During the Verification Phase, the

priority was to share the verification site overflights equally between the two altimeters,

The SSALT was operating for 12.5% of the time, including 60% of the overflights of the

Lampcdusa verification site and 40% of the 1 Iarvcst site. This 12.5% also included a 3-day

subcycle  every 5 cycles. Upon the completion of the Verification Phase, it was felt that

complete cycles of 10-day SSAt:~ data wert  mom desirable for science applications as well

as ccr[ain performance evaluations (e.g., the sea-state bias). Thcmfore, the SSALT has

been operated for one complete 10-day cycle approximately every 10 cycles since April,

1993, with the exact schedule determined so as to minimize the residual ionospheric errors

(after correction using the DORIS data). Coordination with certain field campaigns to

validate SSAI.T was another factor in formulating the current plan.



S.3 Data Processing and Distribution

‘1’hc primary data product for scientific research is the Geophysical Data Record

(GDR), which inclucles the altimeter sca-level height n~casurcmcnts,  associated corrections,

ancillary data, and measurement locations based on the precision orbit ephemeris. ‘J’hc

GIIR, based on algorithms validated by the science teams, has been generated on a global

basis since late May, 1993.  The format of the GDR is similar to that of Scasat  and Gcosat;

however, the content of the data is larger (Callahan, 1994; AVISO, 1992). ~l~e data rvturn

rate has been about 98 % without systematic data losses over any geographic regions.

NASA and CNHS are processing GDRs for each agency’s own altimeter

measurement. The data flow is illustrated in Pigure  3. I’hc NASA GIIR (designated as

GDR-’l’),  which does not contain the SSA1 :1’ data, am available on magnetic tapes after

about one month after data reception via the JPL Physical Ocean Distributed Active Archive

Center (PO-DAAC). I’hc CNES GDR (GDR-P),  containing only the SSALT data, is

combined with the NASA GDR to form the merged GDR (M-GDR), which is available on

CD-ROMS about 45 days after the data reeeption  via the French data agency, AVISO. The

JP1. PO-DAAC is also producing identical mergcci  GDR CD-ROMs on similar schedule.

in addition to the GDRs, the NASA and CNJIS lGDRs are available within 5-7 days of

data reception via electronic transmission through the computers of PO-DAAC and AVISO

to opcrat  ional users for environmental monitoring purposes.

S.4 Anomalies

‘1’here  were t wo anomalies in the satellite system during the earl y phase of the

mission. First, the pointing error of the altimeter boresight  was anomalously high during

the first 2 months of the Verification Phase. The problem was corrected in December,

13



1993, after a series of altimeter boresight  calibrations, attitude system calibrations, and

flight software corrections. Figure 4 shows the history of the altimeter pointing during

Cycles 4-14. “1’hc off-nadir angle has settled to about 0,05 dcgrccs after I>ay 355 (Dec. 20,

1992), The one-sigma rcquircmcnt for the pointing is 0.08 degrees. ‘l%crcfore,  since Dec.

20, 1992, the altimeter pointing has been better than the requirement.

The second anomaly was the failure of onc of the two star trackers of the satellite’s

attitude control system on November 25, 1993. “I”his failure was apparently caused by a

single event upset and the damage might not be permanent. Recycling its power may bring

it back. However, the combination of the remaining star tracker and the digital fine sun

sensor has been able to meet or cxcccd t}lc attitude performance requirement. l’hcrcfore, no

attempts have been made to revive the failed stat tracker.

6. Assessment of the Measurement System

The mission’s primaty  measurement is the height of the sea surface relative to a

rcfcrcnce ellipsoid. I’his sca surface height is derived by subtracting the altimeter

measurement of the altitude of the satellite above the sea surface from the altitude of the

satellite above the reference ellipsoid obtained from the POD. ‘lhc accuracy of the sea

surface height is thus dctcrmincd by the accuracies of the altimeter and the POD.

6.1 Altimeter Performance

There are various sources of error in the altimeter height measurement. They arc

discussed as follows.
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A spectral analysis was pcrfonncd to estimate the noise of both the AI.T and the

SSAI .’I’ range estimations (Mcnard,  1993). A large number of data segments of 10 second

duration (62 km in length) at 101174 data rate ( 10 data points per second) were analynxl

‘1’hc noise level was determined by the white noise level at the high-frequency end of each

spcctrutn.  Disp]ayccl in Figure 5 am the plots of the instrument noise at 11 lZ data rate as a

function of the significant wave height  (SW}]) for both the AI ;1’ and the SSA1:I’. ‘l’he Al ;1’

noise varies from 1.7 cm at 2 m SWI 1 to a rclat ivcly stable value of 2 cm for SWI I larger

than 3 m. The SSAI .T had a higher noise lCVC1,  especially before Cycle  41. Based on

simulations and wavvcform  retracing, the SSAI .T on-board algorithm coefficients have

been adjusted since Cycle 41. This adjustment has improved the SSAI.I’ noise figure by

20%, varying from 2 cm at 2 m SWII to 2.8 ctn at 5 m SWH.

IXte to the simplified calculation pcrfonned  to the altimeter wave form onboard the

satellite, altimeter range, SWJ 1, and AGC (automatic gain control, a quantity used for

calculating sign]a-0)  need to bc corrected on the ground for the effects of sea state and

altimeter pointing angle (Chclton  et al,, 1989). ‘l”hc correction was implemented in the

form of polynomials for the AI.T (1 layne  et al, 1994) and table look-up for the SSAI.T

@anife  et al., 1994, unpublished manuscript). ‘l’he coefficients of the polynomials and

table look-ups were estimated by analyzing simulated altimeter wave forms before launch

and revised by analyzing the real wave form data collected after launch. Rodriguez and

Martin (1994 a) made extensive comparisons of the GDR data with results from rr,tracking

the wave form data. They reported that the residual errors after the correction were largely

caused by the effects of the skewness of ocean surface specular point probability density
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function that had not been accounted for by the GDR corrections. Such comparisons serve

as vcrificationof  the cffectivcncss  of the GDR correction algorithm. The estimated rms

skewness-induced error is 1.2 cm for the Ku-band and 2.2 cm for the C-band (Rodriguez

and Martin, 1994 a). The error occurs primarily at scales larger than about 600 km.

Similar analysis was performed to one cycle’s worth of wave form data from the SSALT.

The result suggests that the skewness-induced error in the SSA1.T data were also about 1.2

cm (I3. Rodriguez and O. Zanife, personal com]nunication).

lt is well known that the radar backscatter  cross section is larger at wave troughs

than at wave crests (e.g. Walsh et al., 1989). “l”hcrcfore, altimeter-measured sea surface

height is biased toward wave troughs and this bias is called the electromagnetic bias, or EM

bias. EM bias is roughly proportional to the height of waves and is normally expressed in

terms of a percentage of SWH. The percentage has been found to be sensitive to wind

speed and a quadratic dependence on wind spcxxl  was used in the NASA GDR algorithm

(Callahan, 1993; 1 levizi et al., 1993). Ilccause the EM bias is dependent on radar

frequency, the coefficients of the algorithm are slightly different between the Ku- and C-

band.

Analyses of the correlation between altimeter height and SWH have suggested that

them is a residual 1 :M bias error of about 1 % of SW} I in the GDR (Rodriguez and Martin,

1994 b). For a typical SWI l=2n1,  the residual I{M bias error is about 2 cm. ‘1’he present

CNl~S EM bias algorithm is based on the method of IJu and Glazman  (1991 ) that

paramctcrizes  the I{M bias in terms of a quantity called the pseudo wave age. The

performance of this algorithm is somewhat inferior to the NASA algorithm and shall be

replaced in the future by the new EM bias paramctcrization  of Gaspar et al. (1 994).
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lcmospheric  Ihor

The range delay caused by the ionospheric free cleetrons  is retrieved by the dual

frequency measurmncnts  of the ALT when it is in operation. When the SSAL1’ is in

operation, this correction is derived from the dual frequency signals received by the DORIS

receiver. The AI .’1’ retrieval is the most direct method of estimating the first-order

ionospheric error, whereas the 1101{1S approach requires space-time interpolation to the

altimeter nadir path. J lowevcr, there are two error sources in the ALT retrieval: the noise in

the altimeter measurements and the residual frequency-dependent EM bias and skewness

bias. ‘J’hc former has been estimated to be about 0.5 cm at 11 lZ data rate and can be

reduced to about 0.1 cm by averaging over 100 km along track because there is little signal

variance at wavelengths shorter than 100 km (lmcl, 1994). The latter has to do with the

frequency dependence of the IIM bias and the skewness bias. The difference bctwccn  the

residual Ku- and C-band EM bias was found to be less than 0.5% of the SWH (Imel,

1994), resulting in an error in the range clclay lctrieval  of 0.2 cm for a typical SWH of 2 m.

As noted above, the skewness bias is also frequency-dependent, i.e., 1.2 cm for the Ku

band and 2.2 cm for the C-band (rms estimates based on wave-form retracing). IIeeausc

the Ku- and C-band errors are uncorrelated,  they introduce another 0.45 cm error into the

ionosphere correction. ‘1’hus the total ionosphere correction error is about 0.5 cm.

‘1’he rms crl or of the llORIS-derived correction is estimated to be 1.7 cm by

comparison with the AI .T dual-frequency n]casurcrnent (Picot  and Iiscudicr, 1994,

unpublished manuscript). 1 lowcvcr, the error }]as a geographic pattern with the largest

values located in the tropics and subtropics.
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The water vapor in the troposphere causes delay in the propagation of radar signal.

This “wet tropospheric error” is dated to the total columnar water vapor content in the

altimeter nadir path. “Me brightness tcmpcraturcs  measured in the three frequency channels

of the TMR were used to retrieve the wet tropospheric correction. By comparing the TMR

observations with ground based water vapor radiometer and radiosonde observations, the

nns accuracy of the wet tropospheric correction is estimated to be about 1.2 cm (Ruf et al.,

1994). Another comcction available on the GDR is provided by the French  Meteorological

Office (FMO) based on products issued by the Huropcan Center for Mcdiun~-Range

Weather Forecast (ECMWF). Therms difference between this correction and the TMR-

bascd correction is about 3 cm (Stum,l 994). Morris and Gill (1994) found an average

improvement of 2.3 cm over the Great 1.akes when the TMR correction was used instead of

the 1/MO/ECMWF  correction.

The radar signals are also delayed by the dry air mass of the troposphcm, at a rate

of 0.27 cm pcr mb of atmospheric sea lCVC1 pressure. ‘1’he correction for this dry

tropospheric error is made by using the sca level pressure product of the ECMWF  provided

by the }ircnch  Meteorological Office. “I”hc nns accuracy of the correction is estimated to be

0.7 cm based on an assumption of an rms 3 mb accuracy of the atmospheric pressure

product.



Determination of the bias in the altimctcl height measurement and its possible drift

in time was a major objcctivc  of the verification c.xperimcnts  conducted at the two

verification sites. Based on the first 36 cycles of data, a bias estimate of -14.5 +-/- 2.9 cm

was obtained for the AI .7’ height measurement (Christensen et al. 1994a). ‘lie negative

val uc indicates that the altimeter range is measured short. No unambiguous drift in the bias

estimates has been determined.

The bias in the SSALT measurement was estimated to be 1.0 +4- 2.4 cm (Mcnard  et

al., 1994). ‘1’hc relative bias bctwccn  the AI .T and SSA1.T was investigated by a number

of groups based on direct analysis of the altimeter data (e.g., Le Traon et al., 1994; Minster

ct al., 1994; Shum et al., 1994; Morris and Gill, 1994). Ilc results are consistent with the

findinds  at the two verifications sites to the extent of the error estimates.

I lowcver,  Note that all the bias estimates are dependent on the particular I;M bias

algorithms used. With various liM bias corrections applied, the AI-T bias ranged from -

13.1 cm to -17,1 cm, whereas the the SSAI.T bias ranged from -0.2 cm to 9.5 cm

(Christensen et al., ] 994). ‘llc definitive ALT and SSA1.T bias estimates quoted in the

preceding two paragraphs were based on the NASA GDR algorithm (Callahan, 1994;

1 lcvizi, 1993) and the new algorithm of Gaspar et al. (1994), rcspcctivcly.

Altimeter SW1 I and Radar 13ackscatter  Cocfficim~

Callahan et al. (I 994) compared the SWJ 1 and radar backscattcr  coefficient (called

sign] a-O in practice) measured by A1 .T to both (icosat and buoy observations. They found

that the AI ~1’ sign~a-O was biased higher than the Gcosat sign~a-O by 0.7 dB. After

removing this bias, the wind speeds derived from the AI-T sign~a-O using a Geosat

algorithm agreed with buoy observations within 2 m/s. Mont}]ly histograms of both SWI 1



and sigma-O agree fairly well with the Geosat results. ‘J”he SWI 1 agrees with the buoy

observations within 0.2 m.

6.2 l’recision Orbit Dctcrminafion  Performance

The uncertainty in the radial component of the satellite orbit has long been the

largest error source in satellite altimetry. A long-lead effort to improve the knowledge in

the eallh’s gravity field was funded by the TOPIZX/POSIHDON  Project as a key step

toward a significant improvement in the POD capability to meet the mission’s science goals

(Marsh et al,, 1988, 1990; Tapley  et al., 1988; 1 crch et al., 1993). The post-launch

gravity improvement activities wem conducted as a joint effort by GSFC, the University of

Texas at Austin, and CNES (Ncrcm et al., 1994). In addition to the gravity improvement

effort, the satellite’s sophisticated tracking system - the satellite laser ranging plus the

DORIS system as the baseline system with the GPSDR as an experimental system - has

made the ‘J’OPI;X/POSIDON  POD a revolutionary achievement ~J’apley  et al., 1994;

Nouel  ct al., 1994). Other factors for the achievement include a joint American and French

effort in the development and improvement of force modeling, reference systems, station

coordinates and numerical methods. The msultitig rms accuracy of the baseline preeision

orbits (used for producing the GDR) computed by using the laser and DORIS data is

estimated to bc 3.5 cm. Most of the error is random and can be mdueed by time-averaging.

~’hc systematic component, which is correlated geographically and cannot be recluced  by

time-averaging, is estimated to bc less than 2 cm. Both the U.S. and France are producing

independent precision orbit products with comparable accuracies. The U.S. effort is led by

the GSI~C with support from the Center for Space Research of the University of “J’exas at

Austin and the Colorado Center for Astrodynamics Research of the University of Colorado

at IIouldcr.  The lkcnch effort is conducted by tile Service d’Orbitographie Doris (SOD) at

CNES.



Precision orbit is also computed at J}]]. using the GPS tracking data (Bertigcr et al.,

1994). Because of the quasi-continuous trackin!,  of the satellite via the GPS constellation,

the orbit solution is less dependent on the gravity model and has been demonstrated to be

useful for studying the geographically correlated error in the 1.ascr/llORM orbit. ‘1’he

accuracy of the so-called reduced dynamic orbit solution is estimated to be 3 cm.

Christensen etal(1994b) were able to mlatc the differences between the GPS-based orbit

and the laser/DORl  S-based orbit to the geographical y correlated crms in the latter due to

gravity model errors. 1 lowever, when the anti-spoofing (an operation conducted by the

U.S. Air Force periodically for military purposes) is operating, the ofih accuracy is

slightly degraded (with errors about 4-5 cm, W.

I&tiger,  persona] communicfition).

6.3 An Error  Budget

Shown in Table 2 is an estimate of the error budget for the ~OPEWPOSElllON

altimeter height nwasurcment  based on the discussions given above. Separate estimates are

given for the ‘1’OPEX system (the Al .T with the NASA algorithms and orbit) and the

POSEIDON (the SSA1.TII>ORIS  with the CNIN algorithms and orbh).  The error is given

in terms of root-sum-square for 1/see data mtc and 2 m SWH. Note that the skewness bias

for the SSAI.I’ measurement has not been determined yet. The total measurement error is

significantly less than the mission requirement, which specifics a total error of 13.7 cm, of

which 12.8 cm was allocated to POD. The superb POI> performance is thus the key to the

better-than-specification sea level accuracy. For the first time the users of altimetry data are

no longer required to reduce orbit errors using empirical techniques that often have nxluced

oecan signals as WCII.  “l’his improvement is especially critical to the study of large-scale,

weak signals, a major objective of the mission.
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There arc a number of verification studies that have validated the error budget

estimate. I:or example, Morris and Gill (1994) compared the ALT mcasurcmcnts to

simultaneous tide gauge measurements taken around the Great 1 ~kes, where natural

variabilities arc very small, making the comparison an exccllcnt  approach to verification.

‘1’hcy found an overall rms diffcrcncc of 3 cm bctwccn the two mcasumnents.  1 lowcver,

the comparison only applies to the temporally vmying component of the measurement.

Therefore, the 3 cm difference is actually smaller than the estimated total error of 4.7 cm,

which contains the time-invariant systematic component as well. Nercm et al. (1994)

compared the T/P sea level observations to those made by a large number of tidca gauges in

the tropical l’acific and obtained agrccmcnt within 2-4 cm.

7. Tidal  Errors

As the accuracy of the altimetric mcasumncnt  of sea lCVC1 has reached a level that

allows the detection of the large-scale weak signals of ocean currents, one has to be

concerned with the tidal signals in the data. The tides are composed of the ocean tides and

the body tides (including both the solid earth tides and the ocean loading tides). All the

tides have been corrected for by model predictions (Callahan, 1993). The accuracy for the

body tide models  is probably better than 1 cm, whereas the accuracy of the ocean tides is of

main concern.

Two ocean tide models arc supp]icd in the GDR: the Schwidcrski  Model

(Schwiderski, 1980 a,b) and the Cartwright and Ray Model (Cartwright and Ray, 1990).

The global rms difference bctwccn these two models is about 6 cm, with peak diffenmces

being as large as 15-20 cm (Carlwright and Ray, 1990). This difference is a rough

mcasum  of the accuracies of these models. More detailed studies of the two models have



indicated tha~ the global  rms errors arc on the order of 4-5 cm for both models with the

Cartwright  and Ray Model being slight]  y bct[er (Ray ,1993; Monlincs  et al; 1994, Wagner

et al., 1994). 1 ‘or the study of the large-scale ocean variabilities, improved ocean tide

models arc required and arc under dcvc]opmcnt  (e.g. Egbcrt  et al., 1994). By applying

simple empirical methods to the l’Ol>EX/POSl {II ION data, several investigators have

demonstrated that the errors of the ocean tide models can bc improved to a level of 2-3 cm

(Schrama and Ray, 1994; Wagner et al, 1994). Mom sophisticated approaches will

certainly obtain better results.

8. Science investigations

The science investigations using the unique capabilities of 10PEX/POSHII>ON  are

being carried out by the members of the SW]’, which consists of 38 Principal lnve.stigator

teams selected by NASA and CNHS,  through tllc process of Announcement of

Opportunity. Most of the Principal Investigators have a team of co-investigators,

amounting to a science team totalling  more than 200 members. The selection was made

based on the scientific merit of the propostxl investigations and their rdevancc  to the

mission’s science goals. The Principal investigators’ responsibilities are to deliver the

main scientific results from the mission, The investigators and the titles of their

investigations are listed in I’able 3. “l’here are sixteen Principal Investigators from the

lJnitcd States, thirlcen  from France, two from Japan, two from Australia, and one from

each of the following countries: United Kingdom, South Africa, West Germany, Norway,

and the Netherlands. “1’he reader is rcfcrrcd to ‘1’OPIiX/POSEIDON Science Working Team

(1991 ) for a detailed description of the mission’s scicncc  plan.
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The main subject of the mission- -ocean circulation--is addressed by

29 investigators. Nine of them arc focused on tllc variability of basin-scale circulation of

the ocean with no emphasis on any particular region: Ilc Mey, Fu, Koblirtsky,  Liu,

Minstcr, Olbcrs, “1’ai, ‘1’arits, and Wunsch.  Scvcntccn investigations have a regional focus:

Born (the Northeast and the South Pacific), Burragc (North Australian regional seas),

Chclton  (the Southern Ocean), C}]urch (the East Australian Current, the western South

Pacific, and the eastern Indian Ocean), I~csaubics (the tropical Atlantic), Chency  (tropical

oceans), Grundlingh  (the Agulhas  Current), Katz (the tropical Atlantic), 1.ukas (the tropical

Pacific), Arnault (the tropical Atlantic), Mitchell (the Gulf Stream and the Kuroshio),

Ollitrault  (the South Atlantic), Pettersson  (the Norwegian Sea), Picaut (the tropical Pacific),

Strub (the eastern Pacific), lmawaki  (the western Pacific), and Woodworth (the Southern

Ocean). Three investigations arc focused on the determination of the mean circulation and

the gcoid:  Rapp,  “1’apley,  and Wakker.

The remaining nine investigations addressed a variety of subjects including geodesy

and geophysics: IIarlicr, Bouchcr,  Cazenave,  Scgawa, Souriau,  and Wahr;  ocean tides:

12 Provost and Sanchez  altimetry calibration and validation: Mcnard,  Many of the 38

investigations cover a wide range of subjects; the grouping described above is based on the

primary emphasis of each investigation. Ocean winds and waves is not the main subject of

any of the invcstiga(ions;  however, it is a secondary objective of Woodworth’s

investigation.

The scicncc plans briefly described above were formulated many years ago with a

primary focus on the analysis of the altimetry data pcr SC. There are many new

opportunities emerging from more recent developments. An important task for the SW~

and the science community at large is to merge the TOPEX/POSEIDON  data with other

types of data and cmatc a more comprehensive data set for the description of the global
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ocean circulation. Coincident with TOPllXflKXl)31DON  have been a variety of

oceanographic and meteorological obscrvat  ions conducted as part of the World Ocean

Circulation Experiment and the Tropical Ocean and Global Atmospheric Program. The

‘J’01T3X/JOS10  DON data arc providing a frame work to integrate these in-situ observations

into a global perspective.

It is well known that a single satellite does not provide enough sampling to cover

the complete spectrum of oceanic variabilities. 1 ]owever, TOPEXflKXHHDON  is

providing the first accurate observation of the large-scale (Jarger than the mesoscalc)  part of

the spectrum, the part that is least known from the past data, On the other hand, the ERS-1

altimeter data can be con~bined  with the “J”OPHX/JOSIHDON  data to provide a more

complete coverage in both spectral and physical domains (the latter refers to the areas

bctwccn 66 and 82 degree latitude not covered by TOPEX/JKXIIHDON). “J’he

TOPIiX/POSEIDON data, being more accurate than the IRS-1  data, can be used to

calibrate the IRS- 1 data at the large scale (JR ‘1’raon et al., 1994), making the combined

data set even more valuable for integration with the in-situ data.

To address many of the aspects of the ocean’s role in climate change such as the

transJJort  of heat and carbon dioxide, one ultimately has to synthesize the global data sets

with an ocean general circulation mockl. This synthesis process can be viewed as one of

estimation problem, or as “data assimilation”. Them is an urgent need for the science

community to establish an effective approach to this impor[ant task. “l’he result will lead to

a framework, consisting of a global model or a set of models consistent with al 1 the key

observations, for providing an optimal description of the state of ocean circulation that will

serve to initialize air-sea coupled climate models.



9. conclusions

The ‘1’OPIZX/POSI;lDON  mission has completed its first one and half year’s

operation quite successfully. The satellite as well as the instrument suite are healthy and

performing nominal] y. Key milestones during this period of operation includes the

completion of the Verification Phase and the production and distribution of the mission’s

baseline data products. The results of the verification studies have indicated that the

mission’s performance has exceeded the requirements. The nns accuracy of a single-pass

sea level measumrnc.nt  is 4.7 cm, more than a factor of two less than the requirement of

13.7 cm. The satellite ground tracks have mnaincd  within 1 km from the nominal tracks

for more than 98% of the time. The data return rate has been 98%.

I’he data processing and distribution has been proceeding on schedule. The NASA

data product, containing only the data during the ALT operation that accounts for 90% of

the data, is distributed on magnetic tapes within about 45 days of data reception. ‘1’he

CNHS data product, containing the complete data from both the AI.T and the SSA1.T

(accounts for 10% of the data) operations, is distributed on CD-ROMs within about 60

days of data reception. The JPI. PO-DAAC is also producing CD-ROMS that is identical to

tf]e CNES products with a comparable delivery schedule.

‘l’he mission’s ground system also produces, on a best effort basis, quick-look data

products, which arc available within 7 days of data reception to the operational users

through an electronic nm.diunl. This quick-look data is based on an orbit ephemeris that has

an accuracy of 10 cm, more than an order of magnitude better than the requirement. This

quick-look data set has been available on a 100% basis, as opposed to the 40%

requirement. ‘l’his mission is the first ocean mtwarch  mission that delivers high-quality data

on a near-real time basis.

26



‘1’hc t wo experiments of the mission, t}m SSAI.T and the GPS-based POI>, were

successfully carried out. “1’hese achicvcmcnts  have demonstrated ncw technologies for

future altimetry missions, which will .bc conducted in a more streamlined fashion for

monitoring the global ocean circulation on a long-term basis.

The mission’s data products are being analyzsd by an international team of some

200 scientists for the study of global ocean dynamics as well as ocean tides, marine

geophysics and geodesy. ‘l%e restJlts of the verification work and preliminary science

results constitute the core of this special issue.

‘l’he mission’ life time was designed for a minimum of three years with a possible

extension to five. This multi-year global data set, when integrated with other types of data

and synthesized by numerical ocean models, will go a long way toward the improvement of

the understanding of the ocean’s role in global climate change.
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l’igure  Cap{ion

Figure 1. TOITiX/POSIHDON  satellite in its fully deployed configuration. Positive x-axis

poin[s toward the flight direction.

Figure  2. Time history of the distance bctwccn the actual ground tracks and their nominal

locations at the equator. The first 6 Orbit Maintcnanee  Maneuvers (OMM) are indicated.

l“~igure  3. Flow chart of the data streams among the various data processing and archiving

facilities of the TOPEX/POSEIIJON  Mission.

Figure 4. ‘1’ime history of the daily avemged altimeter off-nadir pointing angle from Cycles

4-14.

Figure 5. Estimation of the altimeter noise of the SSA1.T (upper panel) and the Al .T (lower

panel) as a function of significant wave height.
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q’able 1. Charac[cristics of the operational orbit

— ..—.

Parameter value

Mean elements

Scmimajor’axis,  km 7714.4278

I!!ccntricity 0.000095

inclination, dcg 66.039

lntcllial longitude of ascending node, deg 116.5574

Argument of perigee, deg 90.0

Mean anomaly, deg 253.130

Auxiliary data

Reference equatorial altitude, km 1336

Nodal period, s 6745.72

Cycle (127 revs) period, days 9.9156

Inertial nodal rate, deg/day 2.0791

Ixmgitudc of equator crossing of pass 1, deg 99.947

Acute angle of equator crossings, deg. 39.5

Ground-track velocity, kntis 5.8
.— ———.. —.—.



Table 2. A Prclimitlary Asscsstncnt  of Measurement Accuracies ( one sigma values in cm)

.—. _. —. _

Altimeter Range

Altimeter noise(])

liM bias

Skewness

ionosphere

Dry Troposphere

Wet Troposphere

‘1’otal Altimeter Range(3)

Radial Orbit 1 lcight(4)
-.

Single-J)ass Sea 1 Ieight

- -

Notes-

(1) Altimeter noise is based on l-see average at 2 m significant wave

height (SW1 1). “J’he SSAIJJ’ noise estimate is based on the data

collected since Cycle 41 after the adjustment of the SSAl .’J” on-board

algorithm.

(2) Based on DORIS data.

(3) Altimeter bias and bias drift not included

(4) Post verification workshop estimate based on the JGM-2 gravity model
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